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Abstract
The rhesus macaque (Macaca mulatta) is the most widely used nonhuman primate for modeling 
the structure and function of the brain. Brain atlases, and particularly those based on magnetic 
resonance imaging (MRI), have become important tools for understanding normal brain structure, 
and for identifying structural abnormalities resulting from disease states, exposures, and/or aging. 
Diffusion tensor imaging (DTI) -based MRI brain atlases are widely used in both human and 
macaque brain imaging studies because of the unique contrasts, quantitative diffusion metrics, and 
diffusion tractography that they can provide. Previous MRI and DTI atlases of the rhesus brain 
have been limited by low contrast and/or low spatial resolution imaging. Here we present a 
microscopic resolution MRI/DTI atlas of the rhesus brain based on 10 postmortem brain 
specimens. The atlas includes both structural MRI and DTI image data, a detailed three-
dimensional segmentation of 241 anatomic structures, diffusion tractography, cortical thickness 
estimates, and maps of anatomic variability amongst atlas specimens. This atlas incorporates many 
useful features from previous work, including anatomic label nomenclature and ontology, data 
orientation, and stereotaxic reference frame, and further extends prior analyses with the inclusion 
of high-resolution multi-contrast image data.
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2. Introduction
The rhesus macaque (Macaca mulatta) is the primary nonhuman primate used to test 
theories about human brain structure and function. Brain atlases have become important 
tools for studying normal neuroanatomy and for localizing neuropathology that is the basis 
of disease states. Many different brain atlases have been generated for the rhesus macaque 
including those based on conventional histology (Paxinos et al., 2009; Saleem and 
Logothetis, 2012), anterograde/retrograde neuronal tracer studies (Schmahmann and Pandya, 
2009), and magnetic resonance imaging (MRI) (Adluru et al., 2012; Dubach and Bowden, 
2009; Frey et al., 2011; McLaren et al., 2009; Rohlfing et al., 2012; Saleem and Logothetis, 
2012; Zakszewski et al., 2014). Although it is generally of lower resolution than other brain 
atlasing methods, MRI has several important advantages: 1) it is three-dimensional (3D) and 
volumetrically accurate; 2) it can provide multiple different image contrasts from the same 
tissue; and, 3) it allows probabilistic atlases to be generated from multiple subjects through 
non-linear image registration techniques. Previous MRI-based atlases of the rhesus brain 
have been limited by low resolution, a lack of multiple image contrasts, and/or absent or 
insufficient anatomic delineations.
In humans, diffusion tensor imaging (DTI) has emerged as an important imaging strategy for 
MRI-based brain atlases (Oishi et al., 2010; 2008). DTI provides a variety of unique MR 
image contrasts including fractional anisotropy (FA), axial diffusivity (AD), radial 
diffusivity (RD), and mean diffusivity (MD) (Mukherjee et al., 2008). These contrasts 
provide highly sensitive, quantitative metrics of tissue microstructure (Basser and Pierpaoli, 
1996) and can improve the ability to segment many brain structures from MR images 
(Calabrese et al., 2012). DTI also allows 3D tractography of diffusion pathways, which has 
become a popular method for structural connectivity mapping in the brain (Mori et al., 
1999). An increasing number of studies have reported on DTI changes resulting from 
neurologic and psychiatric diseases, both in humans and animal models (Konrad and 
Eickhoff, 2010; Kubicki et al., 2007; Song et al., 2002; Sundaram et al., 2008). These 
studies highlight the need for high-quality DTI-based brain atlases, particularly for 
important model systems like the rhesus macaque.
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Several MRI and even DTI-based atlases of the rhesus macaque brain exist, but they are 
often limited by low contrast and/or low spatial resolution (Adluru et al., 2012; Frey et al., 
2011; McLaren et al., 2009; Saleem and Logothetis, 2012; Wisco et al., 2008b; Zakszewski 
et al., 2014). Image resolution is particularly important because the macaque brain is 10–15 
fold smaller volumetrically than the human brain (Herculano-Houzel, 2009), so image 
voxels must be 10–15 fold smaller to have comparable structural resolution. Postmortem 
MRI with exogenous contrast agents allows considerably higher resolution and higher 
quality images than would be possible with in vivo studies (Johnson et al., 2002; Lerch et al., 
2012). Postmortem MRI brain atlasing has been used to great effect in small animal models 
(Calabrese et al., 2013; Chuang et al., 2011; Jiang and Johnson, 2011; Johnson et al., 2012; 
Veraart et al., 2011), but has seen only limited use in nonhuman primates (Ghosh et al., 
1994; Hikishima et al., 2012), partially due to the difficulty with high resolution imaging of 
large specimens (D’Arceuil et al., 2007). In this article we present a high-resolution DTI 
atlas of the postmortem rhesus macaque brain based on 10 specimens. The atlas consists of 
eight different MRI image contrasts at microscopic image resolution as well as a volumetric 
segmentation of 241 anatomic structures. The anatomic variability of atlas specimens has 
been characterized, and correlated with demographic information. We further demonstrate 




The atlas was constructed based on a population of 10 young adult rhesus macaque brains. 
The sample population included both males (n = 7) and females (n = 3) with ages ranging 
from 1.8 to 11 years (average = 5.3 ± 2.8 years) and perimortem body weights ranging from 
2.2 to 10 kg (average = 5.7 kg ± 2.8). Detailed information on age, weight, and gender is 
provided in Table 1. The brains were acquired following approved protocols from the 
Pathology Services and Tissue Distribution unit of the Wisconsin National Primate Research 
Center. All specimens were obtained at necropsy immediately following euthanasia for non-
study related reasons. Brain specimens were extracted from the skull and submerged in a 
500 mL solution of 10% formalin with 1% (5 mM) gadoteridol (ProHance, Bracco Imaging, 
Princeton, NJ) within minutes of euthanasia. After a fixation period of at least 4 weeks, 
brain specimens were transferred to a 500 mL solution of phosphate buffered saline with 
0.5% (2.5 mM) gadoteridol for one week. Immediately prior to imaging, specimens were 
transferred to MRI compatible tubes and immersed in liquid fluorocarbon (Galden PFPE, 
Solvay, Brussels, Belgium) for susceptibility matching.
3.2. MRI acquisition
Imaging was performed on a 7 Tesla small animal MRI system (Magnex Scientific, Yarnton, 
Oxford, UK) controlled with an Agilent console running VnmrJ 4.0 (Agilent Technologies, 
Santa Clara, CA). Radiofrequency (RF) transmission and reception were achieved with a 65 
mm inner-diameter quadrature RF coil (m2m Imaging, Cleveland, OH). Each brain 
specimen was imaged using two protocols, a high-resolution gradient echo anatomic scan 
and a DTI series.
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Gradient echo anatomic images were acquired with a standard 3D gradient echo pulse 
sequence (TR/TE = 50/6.2 ms, α = 60°, bandwidth = 62.5 kHz). The acquisition matrix was 
1060 × 800 × 680 over a 79.5 mm × 60 mm × 51 mm field of view (FOV) for a voxel size of 
75 × 75 × 75 µm3
DTI data were acquired using a 3D diffusion weighted spin echo pulse sequence (TR/TE = 
100/21.5 ms, bandwidth = 62.5 kHz). Diffusion preparation was accomplished using a pair 
of unipolar, half-sine diffusion gradient waveforms (Δ = 14 ms, δ = 4 ms, amplitude = 50 
G/cm, b = 1500 s/mm2) on either side of a 2 ms hyperbolic-secant adiabatic inversion (180°) 
RF pulse. Twelve diffusion weighted images and a single non-diffusion weighted (b=0) 
were collected for each specimen. Diffusion sensitization vectors were generated using an 
electrostatic repulsion model and are provided as Supplementary Table 1. The acquisition 
matrix was 530 × 400 × 340 over a 79.5 mm × 60 mm × 51 mm field of view (FOV) for a 
voxel size of 150 × 150 × 150 µm3. Total acquisition time was approximately 46 hours per 
specimen.
3.3. Image processing and registration
All data processing was done on a high-performance computing cluster with 96 physical 
cores and 1.5 TB of RAM. After initial image reconstruction, the gradient echo image and 
all 12 diffusion-weighted images were registered to the b=0 image using the Advanced 
Normalization Tools (ANTs, http://picsl.upenn.edu/software/ants/) 12-parameter affine 
transform model to correct for the linear component of eddy current distortions. The 
rotational component of the affine transform for each diffusion-weighted image was applied 
to the corresponding gradient vector prior to tensor estimation. Diffusion tensors were 
estimated with Diffusion Toolkit (http://trackvis.org). Isotropic diffusion weighted images 
(DWI) were generated by taking the average of all 12 diffusion weighted images.
A laterally symmetric average image template was generated using an unbiased minimum 
deformation template strategy (Kochunov et al., 2001). In short, images were divided along 
the midline and the left side mirrored across the midline to match the right, resulting in 20 
hemisphere images. Each unique pair of hemisphere images (190 pairs in total) was 
registered using a rigid-body transform followed by a non-linear (diffeomorphic) transform. 
All transforms from a given image to the rest of the group were averaged to generate a final 
transform between the individual and the final template. The DWI images were used to drive 
registration. Non-linear registration employed the ANTs greedy symmetric normalization 
model with cross-correlation as the image similarity metric (Avants et al., 2008). An 
iterative, multi-resolution scale-space approach was used with six down-sampling levels 
ranging from 8× to 1 × and Gaussian smoothing ranging from σ = 1.2 mm to 0 mm. 
Individual image volumes were transformed into the template space, averaged, and mirrored 
across the midline to generate the final atlas images. Diffusion tensors were transformed and 
averaged using Log-Euclidean math operations (Arsigny et al., 2006). Atlas images were 
rigidly aligned to an orientation consistent with previous work, and image origins were set to 
the center of the midline crossing of the anterior commissure (Frey et al., 2011; Paxinos et 
al., 2009). Average atlas templates for all eight image contrasts are available for download at 
http://www.civm.duhs.duke.edu/rhesusatlas/.
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Anatomic segmentation was initialized through automated label registration using labels 
from the Paxinos et al. histology atlas of the rhesus macaque brain (Paxinos et al., 2009). 
This Nissl-stained histology atlas primarily focuses on forebrain gray matter structures, and 
features detailed delineations of brain nuclei and neocortical regions. First, digitized label 
diagrams were interpolated to 3D label volumes with each label represented by a unique 
integer value. Next, a binary version of the label volume was generated by setting all gray 
matter labels to one and all non-gray mater labels to zero. A corresponding binary mask of 
the average brain template was generated by simple thresholding of the gradient echo 
anatomic image to rapidly segment gray matter from non-gray matter. Finally, the binary 
label volume was non-linearly registered to the binary template mask, and the resultant 
transform was used to warp the integer labels into the MRI template space. Labels were then 
manually corrected with the 3D label editor module of Avizo 8 (FEI Visualization Sciences 
Group, Burlington, MA) using the Paxinos et al. histology atlas as a reference. The final 
segmentation consists of 241 structures that comprise the entire 3D volume of the brain 
(Supplementary Table 2). Labels were organized into a hierarchical ontology based on the 
Puelles et al. ontology of the mammalian brain (Puelles et al., 2013). The final label volume 
is available for download at http://www.civm.duhs.duke.edu/rhesusatlas/.
3.5. Voxel-based morphometry
To assess the morphologic variability of the 10 atlas brains, we generated a mean positional 
difference (MPD) map by taking the average magnitude of the diffeomorphic warp vector 
fields relating each specimen to the atlas template (Kovacevic et al., 2005). In addition, 
voxel-based morphometry (VBM) was used to test whether morphometric differences 
correlated with animal demographic information. VBM was performed in SPM8 (http://
www.fil.ion.ucl.ac.uk/spm/software/spm8/) using the log-Jacobian determinants of the 
diffeomorphic warps after smoothing with a Gaussian kernel of σ = 1 mm. Data were fit to a 
multiple regression model that included hemisphere (left vs. right), sex, age, and bodyweight 
as covariates. We identified all voxel clusters with uncorrected p < 0.001 and extent of 
10,000 pixels or greater and then corrected for multiple comparisons with the false 
discovery rate (FDR) method at the cluster level. Statistical significance was determined as 
FDR corrected p-value (q-value) < 0.05.
3.6. Cortical thickness mapping
Cortical thickness estimates were generated from the average atlas template. A 3D cortex 
segmentation was generated from the label set described previously by merging all 
neocortical labels. Cortical thickness maps were calculated from the cortex segmentation 
using the DiReCT (registration-based) method implemented in ANTs (Tustison et al., 2014). 
Relevant parameters included a convergence threshold of 10−4, a gradient step size of 0.01, 
an update field smoothing kernel of σ = 1 mm, and a thickness prior of 5 mm.
3.7. Diffusion tractography
Diffusion tractography was performed on the average atlas tensor volume using DSI Studio 
(http://dsi-studio.labsolver.org/). We used the streamline (Euler) tracking algorithm with a 
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step size of 75 µm, an angle threshold of 30°, an FA threshold of 0.2, and a minimum length 
threshold of 5 mm. Seed and target regions were manually drawn for each fiber pathway of 
interest. In general, a single spherical seed region was placed near the larger end of a 
pathway, and a single hand-drawn target region was placed near the opposite end. 
Tractography was then seeded at random from within the seed region until 10,000 tracks 
were generated. Tracks were manually edited to remove obvious stray fibers.
4. Results
4.1. Atlas templates
We have constructed an MRI/DTI atlas template for the rhesus macaque based on an 
unbiased average of 10 different postmortem brain image volumes. Total brain volume as 
measured by MRI ranged from 69.47 to 86.63 mL (average = 78.55 ± 5.49 mL). This atlas 
covers a wide range of adolescent to adult rhesus macaques. Although the rhesus macaque 
brain continues to mature until approximately 3 years of age, volumetric changes are 
generally small after the first 2 years (Malkova et al., 2006). In addition, both standard 
anatomic (e.g. T1, T2) and DTI contrasts have been shown to stabilize after 3 years of age 
(Shi et al., 2013).
In total, eight different image contrasts are included in the average atlas (Fig. 1). Each image 
contrast is 3D, isotropic, and precisely aligned to the others, and each highlights different 
anatomic features. Table 2 provides the description, abbreviation, and resolution of each 
different image contrast. At 75 µm and 150 µm isotropic resolution respectively, the gradient 
echo and DTI templates are the highest spatial resolution rhesus brain MRI templates ever 
reported in the scientific literature. The combination of high-resolution, multiple image 
contrasts, and population averaging allows identification of many brain regions that would 
not be possible otherwise (Calabrese et al., 2012). In particular, population averaging can 
provide increased signal-to-noise ratio (SNR) and increased contrast-to-noise ratio (CNR) 
relative to single-subject images (Fig. 2), thus improving the ability to identify subtle 
anatomic features (Johnson et al., 2012). Importantly, both the GRE and b=0 contrasts from 
this atlas may differ substantially from analogous in vivo contrasts because of differential 
distribution of gadolinium in fixed gray/white matter and differences in pulse sequence 
timing.
4.2. Anatomic labels
The final atlas segmentation contains 241 anatomic labels, including the entire complement 
of neocortical labels from the Paxinos et al. histology atlas of the rhesus brain (Fig. 3). The 
label nomenclature follows that of the Paxinos et al. atlas, and all structures have been 
organized into a consistent ontology based on embryologic origins (Puelles et al., 2013). 
Neocortical labels have been further organized into seven major cortical regions: cingulate 
cortex, insular cortex, occipital cortex, parietal cortex, temporal cortex, frontal cortex, and 
orbitofrontal cortex. While these large cortical classifications are somewhat arbitrary, they 
are still widely used to describe gross brain structure, and have been included here to aid in 
organization. We have also annotated the atlas template with more traditional gyri and sulci 
nomenclature, which may be more familiar to some researchers (Fig. 4, A).
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The complete list of atlas structures, as well as their abbreviations and ontological 
classification are provided as Supplementary Table 2. These labels cover the entire 3D 
volume of the brain without any unlabeled brain regions (Fig. 4, B). As a result, a small 
number of “catch-all” labels were created such as “cerebral white matter,” which contains 
all major white matter structures in the cerebrum (Fig. 4, C). The focus of this segmentation 
was primarily on forebrain structures, so the midbrain and hindbrain have considerably less 
detailed anatomic delineations. Anatomic labels have been manually corrected in three 
orthogonal planes to ensure volumetric accuracy, and to allow accurate 3D rendering of 
brain structures (Fig. 4, D). Manual correction resulted in considerably smoother, and more 
anatomically accurate 3D labels (Supplementary Fig. 1, A–C). In some cases, small 
subdivisions from the Paxinos atlas were combined into their parent structures. For example, 
the superior and inferior portions of the ventral cortical amygdaloid nucleus were combined 
into a single structure. Six atlas structures have two distinct, disconnected regions on each 
side of the brain: area 11, area 13, visual area 3 dorsal, visual area 3 ventral, secondary 
somatosensory cortex, and juxtastriate area. This is consistent with the Paxinos atlas where 
these structures also have two distinct, disconnected parts.
The 3D, isotropic nature of these labels makes them suitable for automated atlas-based 
segmentation of 2D (multi-slice) MR images of the rhesus brain acquired in any arbitrary 
plane, assuming that morphometric and image contrast differences can be adequately 
accounted for with automated image registration. Additionally, because of the hierarchical 
organization of the labels, smaller structures can be collapsed into their larger parent 
structures to accommodate different resolution scales. The complete 3D label volume, as 
well as atlas templates for all eight image contrasts are available for download and online 
visualization at http://www.civm.duhs.duke.edu/rhesusatlas/.
4.3. Morphometric variations in the atlas
To assess morphometric variability in the atlas specimens, we generated mean positional 
difference (MPD) maps, which show the average voxelwise deformation in millimeters 
required to transform individual images to the atlas template (Fig. 5, A). Overall 
morphologic variability was quite low, with an average MPD across all brain voxels of only 
0.74 mm and a maximum MPD of 1.43 mm. The maximum positional difference of any 
individual image voxel was 3.61 mm. Moderate MPD values (~1 mm) were detected in the 
parietooccipital sulcus and the occipital gyri, but the highest values were observed near the 
inferior and middle frontal gyri and the arcuate sulcus (Fig. 5, A–B). This area of the frontal 
cortex is known to be a highly variable in rhesus macaques, and a number have studies have 
demonstrated morphologic changes in this region that correlate with animal age (Koo et al., 
2012; Luebke et al., 2010; Peters et al., 1994; Wisco et al., 2008a). We used voxel-based 
morphometry with multiple regression analysis to test whether the observed morphologic 
variability correlated with demographic features of atlas animals. Of the covariates analyzed 
(age, weight, sex, and hemisphere), only age showed a significant correlation that survived 
multiple comparison correction. The largest significant voxel cluster for the age correlation 
co-localized with the highest observed MPD values in the middle and inferior frontal gyri 
(Fig. 5, C–D). These results indicate that the volume of the middle and inferior frontal gyri, 
relative to total brain volume, decreases with age across the range studied in the atlas (1.8 to 
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11 years). These results are consistent with previous observations in rhesus macaques and 
humans where reduction in prefrontal cortex volume is a commonly identified characteristic 
of brain maturation and aging, and is sometimes associated with cognitive decline in older 
adults (Luebke et al., 2010; Tisserand et al., 2002; Wellington et al., 2013; Wisco et al., 
2008a). In this case, due to the relatively young age of the animals included in this study, it 
seems likely that the observed changes are related to brain maturation and development 
rather than cognitive decline. We found no differences related to brain hemisphere (left vs. 
right) in this area, even as an interaction with age, suggesting that this effect is bilateral. DTI 
parameters (FA, AD, RD, MD) were also investigated, but we found no significant 
correlation with animal age, weight, sex, or hemisphere.
4.4. Cortical thickness measurements
Automated cortical thickness mapping software has been shown to produce robust and 
reproducible estimates of cortical thickness even in the presence of complex gyral structure. 
In particular, the DiReCT method, implemented in ANTs has proven to be quite reliable, 
and requires nothing more than a simple gray/white segmentation of the brain volume 
(Tustison et al., 2014). This volume-based cortical thickness estimation technique was 
applied directly to the average atlas template to generate cortex-wide thickness estimates 
(Fig. 6). These data show a general decreasing thickness gradient from rostral to caudal, 
consistent with previously published results (Koo et al., 2012). The precentral gyrus (Fig. 6, 
A–B) and temporal polar gyrus (Fig. 6, C–D) gave the highest thickness estimates with 
values near 3 mm, and the occipital gyrus (Fig. 6, A–B) was the thinnest with some portions 
being only 1 mm thick. These data also allow visualization of the cingulate gyrus and insular 
cortex (Fig. 6, C), which are normally obscured by the contralateral side of the brain. Some 
small regions appear artificially thicker than expected due to limitations of the DiReCT 
method (Das et al., 2009). For example, a small area at the intersection of the lateral fissure 
and superior temporal sulcus appears thicker than surrounding areas (Fig. 6, A), but this is 
likely due to registration error during DiReCT processing rather than a true thickness 
difference. Such errors could be avoided by using a two-surface Laplacian-based thickness 
estimate (S. E. Jones et al., 2000), which will be an area of future work for these data.
4.5. Tractography
Diffusion tractography was used for 3D white matter pathway modeling and segmentation. 
In total, we segmented 42 major white matter tracks including 24 midline pathways and 18 
lateralized pathways on either side of the brain. The complete list of tracks and their 
abbreviations are included as Supplementary Table 3. Midline pathways include the corpus 
callosum, which has been divided into seven segments based on the Witelson classification 
(Witelson, 1989) (Fig. 7, A), as well as the inferior, middle, and superior cerebellar 
peduncles (Fig. 7, B). Lateralized pathways include several cortical association pathways 
like the cingulum, middle longitudinal fasciculus, inferior longitudinal fasciculus, and 
uncinate fasciculus (Fig. 7, C). Some white matter pathways were difficult to reconstruct 
due to the limitations of the diffusion tensor model, such as the arcuate fasciculus and the 
three superior longitudinal fasciculi, so these pathways were omitted from the atlas. Despite 
these shortcomings, the high spatial resolution of the data allowed tracking of several 
smaller pathways that are difficult to identify in lower resolution data, such as the cranial 
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nerves, the fasciculus retroflexus, and the stria medullaris (Supplementary Fig. 2, A–F). All 
tractography data are available for download in TrackVis and Visualization Toolkit formats 
at http://www.civm.duhs.duke.edu/rhesusatlas/.
5. Discussion
5.1. Postmortem brain atlasing
Compared to previously published atlases of the rhesus macaque brain, this work has two 
major differences. First, these data were generated from considerably higher resolution 
images, and are therefore likely to be more anatomically precise than previous atlases. For 
example, the DTI data presented here are volumetrically over 800 times higher resolution 
than a recently published in vivo DTI atlas of the rhesus brain (Adluru et al., 2012). This 
increased precision comes at the cost of the second important difference, which is a potential 
loss of accuracy from imaging of fixed, postmortem specimens. Both brain extraction and 
formalin fixation are known to affect total brain volume. However, these effects can be 
counteractive, and one study of human brain specimens found the net brain volume 
reduction from a 70-day fixation in 10% formalin to be only 3.3% ± 0.5% (Schulz et al., 
2011). It has also been suggested that brain shrinkage from formalin fixation is both non-
uniform and anisotropic, which could further influence these results (Quester and Schröder, 
1997). Nonetheless, the total brain volume measurements from our atlas are quite similar to 
established values for the rhesus macaque. For example, total brain volume measurements 
from two previously published in vivo MRI atlases of the rhesus brain are both within one 
standard deviation of our measurements (Adluru et al., 2012; Frey et al., 2011). Our cortical 
thickness measurements are also very comparable to in vivo results using similar methods 
(Koo et al., 2012). While volume changes from fixation should certainly be considered when 
using these data, we do not believe it will significantly reduce the utility of the atlas, 
particularly for atlas-based segmentation where global volume differences are easily 
accounted for by affine registration.
The potential effects of tissue fixation are perhaps more important when considering 
diffusion tensor data. Formalin fixation produces an approximately 4-fold reduction in the 
diffusivity of water in brain tissues (Alexander et al., 2010; Dyrby et al., 2011). As a result, 
DTI derived scalars, such as MD, AD, and RD are typically 4-fold lower than in in vivo DTI 
data. Although reports vary to some degree, FA appears to be preserved in postmortem DTI, 
suggesting that diffusivity reductions are uniform and proportional (D’Arceuil and de 
Crespigny, 2007; Sun et al., 2005; Widjaja et al., 2009). Another consequence of the 
diffusivity reduction from fixation is that 4-fold larger b-values are required to achieve in 
vivo equivalent diffusion weighting. Reduced diffusion weighting can negatively impact 
tensor estimation accuracy, particularly with regard to diffusion tractography. Fortunately, 
postmortem diffusion imaging offers several image quality improvements that improve the 
ability to estimate diffusion tensors (Lerch et al., 2012). Postmortem studies typically have 
higher SNR, are not complicated by physiologic/subject motion, and avoid EPI-induced 
eddy current distortions, each of which affects tensor estimation (D. K. Jones, 2004; Le 
Bihan et al., 2006; Skare and Andersson, 2001). Further, combining diffusion tensors from 
multiple subjects, as was done for this atlas, can reduce tensor errors through averaging. 
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Despite these considerations, atlas tractography results would likely be further improved by 
using a higher b-value. Unfortunately, this was not possible for the current study due to the 
high hardware requirements of postmortem diffusion imaging.
5.2. The average atlas
In constructing this atlas, we attempted to combine the large body of existing 
neuroanatomical data for the rhesus brain with modern high-resolution brain image 
techniques. By using the anatomic labels from the Paxinos et al. histology atlas of the rhesus 
brain as a starting point, we hope to facilitate multi-modality anatomic comparisons and the 
use of a standardized nomenclature. We have also taken care to organize the 241 atlas 
structures into a developmentally defined ontology, which allows direct comparison of 
homologous brain regions in virtually any mammalian species, including mice and humans. 
All data are provided in the NIfTI standard data format, and are oriented in accordance with 
previously published MRI atlases of the rhesus brain (Frey et al., 2011). The stereotaxic 
coordinate system and image origin of the atlas have also been borrowed from previous 
work to improve interoperability, and allow direct comparisons between atlases (Frey et al., 
2011; Paxinos et al., 2009).
This atlas builds on previous work with the addition of high-resolution, multi-contrast, 3D 
image data, cortical thickness estimates, and tractography. The imaging protocols and 
labeling scheme were developed to be above and beyond what is common in the rhesus 
brain in order to be both comprehensive and flexible enough to accommodate future 
advances in brain imaging technology. The 3D isotropic nature of the image data and the 
hierarchical organization of the anatomic labels also allow the atlas to be sub-sampled to 
accommodate lower resolution datasets. Regional cortical thickness measurements, like 
those presented here, are a commonly used biomarker that can be extracted from MR images 
(Fischl and Dale, 2000). Several studies in both macaques and humans have demonstrated 
correlations between cortical thickness measurements and aging, behaviors, or the presence 
of underlying neurologic disease (Hardan et al., 2006; Koo et al., 2012; Lerch et al., 2008). 
DTI tractography has been widely used in both humans and macaques to explore white 
matter structure and organization (Adluru et al., 2012; Catani and Thiebaut de Schotten, 
2008; Oishi et al., 2010). Computer generated tracks can also be used as a framework for 
statistical comparisons of local DTI parameters in disease models (Corouge et al., 2006; 
Goodlett et al., 2008). Unfortunately, diffusion tractography is inherently and practically 
limited in its ability to generate anatomically accurate tracks, particularly within the confines 
of the diffusion tensor model (Calabrese et al., 2014; Thomas et al., 2014). The tractography 
data presented here should be interpreted within the context of these limitations, but are 
nonetheless representative of the diffusion tractography data that are commonly derived 
from DTI studies of the rhesus macaque brain. Both the high spatial resolution and the 
population averaging of tensor data in our atlas may serve to improve the accuracy of 
tractography results relative to previously published data, but neither addresses the 
fundamental limitations of tractography.
These data also demonstrate the ability to use MRI-based brain atlases to test anatomic 
theories related to growth, aging, sex, and brain lateralization. Although the population of 
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animals use for this study was both relatively small and unevenly distributed in terms of 
demographics (e.g. age, sex), we were still able to detect statistically significant correlations 
between morphometric parameters and age. It is likely that the ability to detect such 
anatomic correlations would improve significantly with larger n and/or a more evenly 
distributed population of animals. For example, a wider range of ages would allow 
identification of potential non-linear dependencies between age and anatomic parameters. 
Similarly, a more balanced gender ratio would provide additional sensitivity for detecting 
sex differences. Incorporating additional datasets into the atlas, including multi-modal image 
data from other sources, could prove useful for testing other, more complex anatomic 
hypotheses.
5.3. Data sharing and future work
All atlas data, including average image data and derived datasets, are available for online 
visualization and download at http://www.civm.duhs.duke.edu/rhesusatlas/. The entire 
collection of atlas data is approximately 6 GB in size, but each component can be 
downloaded individually as needed. Future work pertaining to the atlas will be added as it 
becomes available. For example, two-surface Laplacian-based cortical thickness calculations 
are currently in development, and are expected to be added to the atlas by late-2015. There 
are several other areas for potential future work relating to the atlas. First, several of the 
specimens used for the atlas were also imaged with high angular resolution diffusion 
imaging (HARDI) and diffusion spectrum imaging (DSI) protocols, as part of a separate 
study (Calabrese et al., 2014). The improved tractography results from these specialized 
datasets could be transformed into the atlas space and incorporated into this work. Second, 
we have compiled a similar collection of brain specimens of the closely related cynomolgus 
or crab-eating macaque, Macaca fascicularis, which is now frequently being used in 
neuroscience and pharmaceutical research. Construction of a similar atlas of the cynomolgus 
brain could provide interesting insights into the behavioral and functional consequences of 
neuroanatomical differences between these two macaque species, as suggested by a previous 
MRI brain atlasing study (Frey et al., 2011). Finally, the addition of conventional histology 
and immunohistochemical studies is possible because of the non-destructive nature of 
postmortem MRI. As with any brain atlas, the value of our resource will become more 
meaningful if utilized by others in the scientific community. We hope that future use of 
these data by collaborators and other researchers will help drive refinements and 
improvements to the atlas.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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• We present a high-resolution DTI/MRI atlas of 10 postmortem rhesus macaque 
brains.
• The atlas includes 3D segmentations of 241 brain regions, and 42 tracts.
• We analyze morphometric variation and cortical thickness across the atlas 
group.
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The eight different image contrasts included in the average atlas. For each contrast, a single 
axial slice through the basal ganglia is shown. GRE, gradient recalled echo; b=0, non-
diffusion weighted image; DWI, isotropic diffusion weighted image; MD, mean diffusivity; 
RD, radial diffusivity; AD, axial diffusivity; FA, fractional anisotropy; FAC, directionally 
colored fractional anisotropy.
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Comparison of single-subject vs. group average gradient echo anatomic images. A coronal 
slice through the hippocampus shows differences between a single-subject image (left half) 
and the group average image (right). Several anatomic structures are more apparent in the 
group average image (yellow arrowheads). In addition, some image artifacts are reduced in 
the group image due to averaging (red arrowheads). SLF II, superior longitudinal fasciculus 
II; Cl, claustrum; MD, mediodorsal thalamic nucleus; LGN, lateral geniculate nucleus; 
SNVL, substantia nigra compact part, ventrolateral division.
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Demonstration of the atlas anatomic labels in two dimensions in the coronal plane. Five 
different coronal slices are presented as indicated by the slice diagram (top left). Adjacent 
slices are 7.5 mm apart. Each slice shows anatomic labels as red outlines (left half of 
images) and as semi-transparent color overlays (right half of images).
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Demonstration of the atlas anatomic labels in three dimensions. (A) Lateral (top) and dorsal 
(bottom) views of the atlas brain surface. Major gyri and sulci are labeled for reference. (B) 
Lateral (top) and dorsal (bottom) views of atlas label surface renderings. Each different 
anatomic region is displayed with a different color surface. (C) Lateral (top) and dorsal 
(bottom) views of a surface rendering of the cerebral white matter tree (red). A semi-
transparent rendering of the brain surface is included for reference. (D) Lateral (top) and 
posterior (bottom) views of surface renderings of five major subcortical structures: putamen 
(blue), caudate (yellow), hippocampus (green), external globus pallidus (teal), internal 
globus pallidus (orange). AG, angular gyrus; aspd, anterior supraprincipal dimple; ASPG, 
anterior superior parietal gyrus; cs, central sulcus; ecal, external calcarine sulcus; iar, 
inferior arcuate sulcus; IFG, inferior frontal gyrus; ios, inferior occipital sulcus; ipd, 
infraprincipal dimple; ips, intraparietal sulcus; lf, lateral fissure; lu, lunate sulcus; MFG, 
middle frontal gyrus; MG, marginal gyrus; MTG, middle temporal gyrus; OG, occipital 
gyrus; OTG, occipito-temporal gyrus; pos, parietooccipital sulcus; PrCG, precentral gyrus; 
PSPG, posterior superior parietal gyrus; sar, superior arcuate sulcus; SFG, superior frontal 
gyrus; spcd, superior precentral dimple; STG, superior temporal gyrus; sts, superior 
temporal sulcus; su, superior postcentral dimple; TPG, temporal polar gyrus.
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Morphologic variation in the atlas. (A) A volume rendering of the mean positional 
difference (MPD) map generated from atlas diffeomorphic transforms. The color scale for 
the MPD map is shown in the center of the Figure. Relevant gyri and sulci are labeled for 
reference. (B) A volume rendered MPD map similar to (A), sliced axially through the 
arcuate sulcus. (C) Surface rendering of statistically significant voxel clusters for the voxel-
based morphometry age correlation (false discovery rate adjusted, q<0.05). (D) t-statistic 
map for the voxel-based morphometry age correlation. The t-statistic color scale is shown in 
bottom right of Figure. Only regions that survived multiple comparison correction are 
colored. IFG, inferior frontal gyrus; MFG, middle frontal gyrus; iar, inferior arcuate sulcus; 
sar, superior arcuate sulcus.
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Automated cortical thickness estimates for the average atlas generated using the DiReCT 
method. Thickness estimates are displayed as a colored surface rendering of the cortex. The 
color scale for cortical thickness estimates is shown in the center of the Figure. Relevant 
gyri and sulci are labeled for reference. (A) Lateral view. (B) Dorsal view. (C) Medial 
(midline) view. (D) Ventral view. CG, cingulate gyrus; Ins, insular cortex; lf, lateral fissure; 
OG, occipital gyrus; PrCG, precentral gyrus; sts, superior temporal sulcus; TPG, temporal 
polar gyrus.
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Atlas tractography results. (A) Corpus callosum tractography divided into seven segments 
following the Witelson classification: genu (red), segment I (orange), segment II (yellow), 
segment III (green), segment IV (light blue), segment V (dark blue), splenium (purple). (B) 
Inferior (blue), middle (red), and superior cerebellar peduncles (green). (C) Cortical 
association pathways including: cingulum (red), middle longitudinal fasciculus (green), 
uncinate fasciculus (blue), and inferior longitudinal fasciculus (yellow).
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Table 2
Abbreviations, descriptions, and isotropic resolution of the eight different image contrasts included in the 
atlas.
Abbreviation Description Isotropic resolution
GRE T2*-weighted gradient echo 75 µm
b=0 T2-weighted non-diffusion spin echo 150 µm
DWI Isotropic (average) diffusion weighted image 150 µm
AD Axial diffusivity 150 µm
RD Radial diffusivity 150 µm
MD Mean diffusivity 150 µm
FA Fractional anisotropy 150 µm
FAC Directionally colored fractional anisotropy 150 µm
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